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ABSTRACT 


Hypervelocity  impact  tests  have  been  performed  using  aluminum 
targets  and  projectiles  comprising' low-fineness-ratio  disks  (f/d  from 
0.  1  to  1.  0)  of  1100-0  aluminum,  commerically  pure  titanium,  mild 
steel,  and  Kennertium®  (97.  6  percent  tungsten).  To  ensure  the  desired 
projectile  attitudes  upon  impact,  rifled  launch  tubes  were  used  to  pro¬ 
duce  spin  stabilization.  These  tubes  allowed  the  establishment  of  the 
desired  projectile  orientation  (their  planar  surface  normal  to  the  flight 
path)  and  the  removal  of  a  multipieced  sabot  without  a  mechanical  strip¬ 
ping  device.  Cratering  data  for  impact  velocities  from  11,  300  to 
26,  200  fps  indicate  that  the  steady-state  stage  of  hypervelocity  impact 
of  disks  is  important  and  that  steady- state  duration  times  of  at  least 
6  psec  are  significant. 
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SECTION  I 
INTRODUCTION 


The  program  reported  herein  was  conducted  in  the  hypervelocity 
impact  range  (Armament  Test  Cell,  Hyperballistic  (SI))  of  the  von 
Karman  Gas  Dynamics  Facility  (VKF).  The  program  required  im¬ 
pacts  of  low-fineness- ratio  disks  into  aluminum  targets  at  velocities 
of  from  13,  000  to  26,  000  fps.  The  program  further  required  that  the 
planar  surface  of  the  projectile  be  perpendicular  to  the  flight  line. 

The  experimental  data  obtained  were  projectile  velocity  and  crater 
volume,  diameter,  and  depth. 

The  purpose  of  this  program  was  to  launch  disks  of  varying  £  Id 
ratios  and  of  different  materials  at  different  velocities  to  produce  the 
same  initial  pressures  in  aluminum  targets.  It  was  thought  that  by 
selecting  the  length  of  the  projectile,  hence  the  time  before  the  pres¬ 
sure  pulse  is  relieved,  identical  pressure  pulses  could  be  created  by 
the  various  projectiles.  This  program  was  but  a  part  of  cratering 
studies  sponsored  by  MSFC,  where  the  overall  aim  is  to  develop  a 
theoretical  model,  with  experimental  verifications,  for  impact  and 
cratering  processes. 

The  purpose  of  this  report  is  to  discuss  the  actual  cratering  pro¬ 
cess  rather  than  to  attempt  to  correlate  any  of  the  cratering  param¬ 
eters  to  initial  impact  pressures. 


SECTION  II 
APPARATUS 


2.1  LAUNCHER  AND  RANGE 

Armament  Test  Cell  SI  consists  of:  (1)  a  two-stage  launcher, 

(2)  an  expansion  tank  to  absorb  muzzle  blast  and  to  provide  space 
for  separation  of  the  projectile  from  the  sabot,  (3)  a  connecting  tube 
which  has  provision  for  measuring  projectile  velocity,  and  (4)  a 
target  chamber.  During  the  course  of  the  test,  two  launcher  configura¬ 
tions  were  used.  The  first  employed  a  10-ft-long  powder  chamber  and 
a  10-ft-long  pump  tube  of  2-in.  ID.  The  second  configuration  is  shown 
with  the  range  in  Fig.  1.  This  launcher  employed  a  5-ft-long  powder 
chamber  and  a  20-ft  long  pump  tube  of  2-1/2-in.  ID  and  was  used  pri¬ 
marily  to  obtain  the  higher  velocities. 
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To  ensure  desired  projectile  attitude  on  impact,  rifled  launch  tubes 
were  used.  These  tubes  were  expected  to  allow  both  the  establishment 
of  projectile  flight  in  the  desired  orientation  by  spin  stabilization  and  the 
removal  of  a  multipiece  sabot  from  the  flight  path  by  the  spin- generated 
centrifugal  forces.  The  tubes  were  nominally  10  ft  long  with  a  nominal  ID 
of  0.50  in.  The  twist  rate  used  was  one  turn  in  20  ft.  The  rifling  consisted 
of  eight  equally  spaced  grooves,  0.008  in.  deep  by  0.  147  in.  wide. 


2.2  TARGETS  AND  PROJECTILES 

The  target  material  used  throughout  the  test  was  aluminum  1100-0, 
having  a  nominal  thickness  of  2  in. ,  and  was  furnished  by  NASA.  The 
projectile  (disk)  materials  were  aluminum,  titanium,  mild  steel,  and  a 
commercial  tungsten  alloy  (Kennertium®)  and  were  supplied  by 
ARO,  Inc.  The  jE / d  ratios  varied  from  0.  1  to  1.  1,  depending  upon  the 
material  used.  The  diameter  of  all  disks  launched  was  0.2  in.  Table  I 
gives  the  physical  properties  of  the  projectile  and  target  materials. 

2.3  INSTRUMENTATION 

The  primary  velocity  measurements  were  made  with  a  Beckman  & 
Whitley  Model  192  high-speed  framing  camera.  This  camera  has  a 
maximum  framing  rate  of  1.4  x  10^  frames/sec.  The  10-in.  field  of 
view  of  the  camera  includes  the  target  face  and  allows  both  impact  and 
pre-impact  events  to  be  recorded.  The  most  significant  pre-impact 
data  to  be  recorded  were  the  projectile  attitudes.  A  more  complete 
description  of  this  system  is  given  in  Ref.  1.  A  second  method  of  ob¬ 
taining  velocity  made  use  of  two  sheets  of  aluminized  plastic  film  located 
50  ft  apart.  These  sheets  were  perforated  by  the  projectile  and  were 
used  to  start  and  stop  a  10- me  chronograph.  Again,  this  system  is 
described  in  detail  in  Ref.  1.  A  third  method  of  obtaining  projectile 
velocity  was  by  the  streak  camera  system  described  fully  in  Ref.  2.  A 
sketch  of  the  system  and  a  description  of  how  it  is  used  at  this  facility 
is  given  in  Ref.  1. 

Toward  the  end  of  the  test,  a  one- station,  parallel-ray,  refocussed 
shadowgraph  system  was  installed  to  provide  further  verification  of  pro¬ 
jectile  attitude.  The  projectile  detector  used  was  of  the  optical  barrier 
type,  employing  a  collimated  light  source.  The  shadowgraph  was 
located  at  a  distance  of  45  ft  from  the  muzzle  of  the  launcher.  For  the 
same  purpose,  a  flash  X-ray  system  was  also  sometimes  used.  This 
system  was  situated  near  the  muzzle,  in  the  blast  tank. 
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SECTION  III 
PROCEDURES 


3.1  TEST  PROCEDURES 

The  projectile  was  seated  in  a  sabot  (Fig.  2)  and  inserted  into  the 
breech  end  of  the  launch  tube.  The  sabot  diameter  was  approximately 
0.  005  in.  larger  than  the  ID  of  the  barrel,  this  being  the  result  of 
previous  work  which  had  shown  that  tight-fitting  sabots  could  be 
launched  with  a  turn  rate  very  nearly  that  of  the  launch  tube.  Figure  3 
illustrates  the  stabilizing  characteristics  of  the  rifled  launch  tubes. 

This  is  a  photograph  of  a  yaw  card  that  was  penetrated  by  a  1.  0-cal- 
long,  0.  5-in.  -diam  Dexan®  slug.  It  clearly  shows  the  rifling  indenta¬ 
tions  in  the  slug.  The  sabot  was  counterbored  to  receive  the  projectile, 
and,  with  a  light  press  fit  on  the  circumference,  it  was  assumed  that 
a  portion  of  the  spin  stabilization  imparted  to  the  sabot  by  the  barrel 
would  be  transmitted  to  the  projectile. 

Sabot  stripping  was  achieved  by  the  use  of  the  rifled  launch  tube. 
Typical  separation  obtained  is  shown  in  Fig.  4,  which  is  a  photograph 
of  a  lead  ring  (located  at  a  point  10  ft  from  the  muzzle)  that  was  im¬ 
pacted  by  the  four  sabot  quarters,  showing  a  total  separation  of 
approximately  3.  5  in. 

The  beginning  of  sabot  separation  and  stabilized  flight  is  shown  in 
Fig.  5.  This  is  a  flash  radiogram  of  an  aluminum  disk  (i/d  =  0.  6)  and 
sabot  being  launched  at  a  velocity  of  23,  500  fps.  This  radiogram  was 
taken  at  a  point  approximately  2,  5  ft  from  the  muzzle.  More  conclusive 
proof  of  stabilized  flight  is  shown  in  Fig.  6.  This  is  a  shadowgram  of 
an  aluminum  disk  (i/d  =  0.  7)  at  a  velocity  of  22,  600  fps.  This  shadow- 
gram  was  taken  at  a  point  45  ft  from  the  muzzle  and  12  ft  from  the 
target. 

The  targets  (2-in.  -thick  1100-0  aluminum)  were  mounted  at  the 
rear  edge  of  the  field  of  view  of  the  high-speed  framing  camera  and 
normal  to  the  projectile  line  of  flight.  The  target  specimens  were  sup¬ 
ported  so  that  the  rear  faces  were  free  of  any  encumbrances.  Through¬ 
out  the  entire  test,  only  those  targets  impacted  by  the  high  i/d 
tungsten  projectiles  exhibited  a  distortion  of  the  rear  face.  In  no  case 
did  the  rear  face  distortion  exceed  1/8  in. 

All  testing  reported  here  was  at  a  range  tank  pressure  of  from 
1  to  2  mm  Hg. 
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3.2  DATA  REDUCTION  PROCEDURES 

The  velocity  and  impact  crater  data  reduction  procedures  are  fully 
described  in  Ref.  1.  The  accuracies,  and  their  derivations,  of  all 
velocity  measuring  systems  and  the  crater  measuring  system  are  also 
given  in  Ref.  1.  In  summation,  the  errors  in  time  and  distance  allow 
an  absolute  velocity  determination  within  one  percent  error  limits  with 
the  high-speed  framing  camera.  The  velocity  measurement  variations 
between  the  high-speed  framing  camera  and  the  aluminized  film  system 
range  from  0  to  3.  7  percent,  based  on  previous  experience.  The  streak 
camera  system  yields  velocity  measurements  which  fall  within  0.  9  to 
4.  6  percent  of  those  from  the  high-speed  framing  camera;  again,  this 
figure  is  based  on  previous  work. 

SECTION  IV 

RESULTS  AND  DISCUSSION 


Velocity  and  crater  dimensions  for  tests  with  all  projectile-target 
combinations  are  given  in  Tables  II  through  V.  Except  where  otherwise 
indicated,  the  velocity  figures  which  appear  in  these  tables  are  those 
which  resulted  from  the  use  of  the  high-speed  framing  camera. 


4.1  IMPACT  PHENOMENA 

The  phenomena  of  hypervelocity  impact  have  been  described  by 
Christman  and  others  by  a  model  which  breaks  down  into  four  stages. 
They  are,  from  Ref.  3: 

1.  First  (transient):  Impact  velocity  and  Hugoniot  properties  are 
the  only  significant  parameters  in  establishing  the  pressures 
acting  on  the  projectile  and  target. 

2.  Second  (steady- state  or  primary  penetration):  The  densities 
and  compressibilities  of  the  projectile  and  target,  as  well  as 
velocity  and  dimensions  of  the  projectile,  enter  into  evaluation 
of  the  intensity  and  duration  of  the  pressure  pulse. 

3.  Third  (cavitation  or  secondary  penetration):  This  stage  is  so 
important  in  very  high-speed  impact  that  neither  density  nor 
compressibility  appear  to  be  important  on  the  basis  of 
published  calculations.  This  stage  continues  until  the  energy 
behind  the  shock  wave  becomes  too  small  to  overcome  the 
resistance  to  deformation  of  the  material. 
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4.  Fourth:  This  stage  is  characterized  by  the  reaction  of  the  target 
material  after  the  stress  wave  has  been  attenuated  to  a  level 
that  no  longer  causes  flow  or  gross  plastic  deformation  of  the 
target  material.  This  stage  is  not  considered  in  most  theoreti¬ 
cal  approaches. 

It  has  been  further  stated  (Ref.  3)  that  for  projectiles  having  a 
length-to- diameter  ratio  appreciably  greater  than  unity,  an  extended 
region  of  nearly  steady- state  penetration  can  be  expected  (stage  two, 
above).  However,  for  projectiles  having  length-to- diameter  ratios  less 
than  unity  (disks),  the  rarefaction  wave  reflected  from  the  rear  projec¬ 
tile  surface  should  reach  the  projectile-target  interface  before  the 
steady-state  regime  can  be  established.  As  a  result,  it  is  supposed  that 
the  steady- state  stage  is  unimportant,  and  the  resulting  crater  should  be 
shallow  and  broad  instead  of  hemispherical  (Ref.  3). 

The  results  of  the  series  of  tests  reported  here  show  an  apparent 
disagreement  with  the  analytical  work  described  above  and  published 
in  Ref.  3.  It  is  obvious  from  Fig.  7  that  the  craters  resulting  from 
disk  impacts  are  far  from  being  shallow  and  broad.  This  plot  of 
Pq/Dc  versus  ifd  shows  that  for  all  cases,  except  for  the  aluminum 
of  low  jf/d,  the  Pp/Dc  ratio  is  greater  than  hemispherical  (Pj^/Dc  > 

0.  5).  Even  for  the  aluminum  disks,  it  is  evident  that  fineness  ratio 
must  be  reduced  to  a  value  substantially  below  0.  2  if  broad,  shallow 
craters  are  to  result. 


The  approximate  duration  (t)  of  the  steady- state  regime  can  be  esti¬ 
mated  from  the  relationship  given  for  metallic  jets,  viz  (Ref.  4}. 

t  =  -y~[l  +  (Pp/Pi)Vj] 

Although  this  relationship  does  not  include  all  the  variables  mentioned 
earlier  in  describing  the  steady- state  stage,  an  approximation  of  the 
time  can  be  determined  with  it.  Based  on  the  work  herein  reported,  and 
for  projectile  lengths  of  0.  080  in.  (i  / d  of  0.  4),  the  following  durations 
have  been  computed  for  impacts  with  the  aluminum  targets  used  in  the 
testing  reported  here: 


Projectile 


Second-Stage  Duration,  {xsec 


Aluminum  1100-0 

6.  6 

Titanium 

8.  7 

Steel 

12.  1 

Tungsten 

19.  0 

These  computations,  taken  with  the  conclusion  that  the  second  stage  of 
cratering  is  important  (as  argued  above  on  the  basis  of  Fig.  7)  would 
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seem  to  indicate  that  durations  as  small  as  6  psec  are  important  in 
the  cratering  process.  Although  these  calculated  durations  may  not 
be  significant  in  themselves,  they  may  show  the  order  of  magnitude 
of  time  that  can  be  consumed  during  the  steady-state  stage  of  flat 
disk  impact.  It  is  interesting  to  note  here  that  these  calculated  steady- 
state  durations  are  greater  than  the  periods  of  the  impact  flash  dura¬ 
tions  generated  in  the  first  (transient)  stage  (Ref.  5). 

Figure  8  is  a  plot  of  crater  volume/projectile  energy  as  a  function 
of  projectile  i/d  for  projectile  materials  of  aluminum,  titanium,  and 
tungsten;  steel  has  been  omitted  because  of  an  excessive  data  scatter. 

The  data  for  this  plot  are  tabulated  in  Table  VI.  Figure  8  shows  an  in¬ 
crease  in  cratering  effectiveness  for  aluminum  and  titanium  until  at 
some  point  (varying  with  material)  it  appears  to  become  independent  of 
the  projectile  i/d.  Tungsten  exhibits  a  different  behavior,  as  seen  in 
Fig.  8.  Christman  et  al.  (Ref.  5)  attribute  an  increasing  trend  in 
cratering  effectiveness  of  higher  i/d  projectiles  to  the  fact  ".  . .  that 
less  rod  mass  is  'used  up1  in  getting  through  the  transient  phase  of 
cratering  and  establishing  the  primary  (steady- state)  penetration  phase, 
and  also  that  the  contribution  of  residual  cratering  (or  cavitation  phase) 
at  the  bottom  of  the  crater  becomes  less.  This  would  require  that  both 
the  transient  and  cavitation  phase  be  less  ‘efficient’  than  the  primary 
stage.  . .  Therefore,  as  the  i/d  becomes  greater,  the  percentage  of  rod 
available  for  cratering  in  the  primary  stage  would  increase  and  the 
crater  volume  would  increase.  " 

Actually,  this  same  argument,  by  substituting  MdiskM  for  "rod”, 
seems  applicable  to  the  work  reported  here.  This  seems  to  cast 
doubt  on  the  reasoning  applied  to  rods  in  Ref.  5.  Indeed,  data  in  Fig.  8, 
interpreted  in  the  light  of  Ref.  3,  imply  that  in  low  i/d  impacts  the  pri¬ 
mary  (steady- state)  phase  may  be  important.  The  fact  that  the  cratering 
effectiveness  for  each  material  appears  to  become  independent  of  the 
projectile  i/d  can  be  explained  again  as  is  done  in  Ref.  5;  i.  e. ,  ,  the 

contribution  of  the  transient  and  cavitation  phases  to  the  total  volume  be¬ 
comes  so  small,  compared  to  the  primary  phase,  that  any  further 
decrease  becomes  insignificant. "  The  most  significant  difference  between 
the  data  presented  here  and  those  in  Ref.  5  is  that  the  increase  in  crater¬ 
ing  effectiveness  for  this  work  (Fig.  8)  occurs  up  to  i/d  values  of  0.  6 
(depending  on  material)  and  for  the  work  in  Ref.  5,  up  to  i/d  values  of  3,0. 

4.2  CRATER  SHAPE 

Figure  7  is  a  plot  of  Pp)/Dc  versus  i/d.  This  ratio,  Pd/Dc,  might 
well  be  called  the  "crater  shape"  parameter.  This  figure  shows  that, 

\ 


6 


A  EDC-TR-66-35 


for  a  given  velocity  and  given  target  and  projectile  materials,  crater 
shap'e  is  a  function  of  the  projectile  i/d.  The  craters  in  this  case 
become  deeper  and  narrower  as  the  i/d  increases.  This,  according 
to  Ref,  5,  is  compatible  with  the  jet  penetration  theory.  Contrary  to 
published  findings  for  higher  fineness  ratio  projectiles  (Ref.  5),  the 
ratio,  Pd/Dc>  was  not,  in  the  work  reported  here,  found  to  be  directly 
proportional  to  the  projectile  i/d.  It  appears  obvious  from  Fig.  7  that 
the  higher  Pq/Dc  ratio  craters  result  from  the  impacts  of  the  higher 
density  projectiles.  One  can  conclude  from  this  that  projectile  density 
does  play  an  important  role  in  the  determination  of  the  final  crater 
shape.  The  most  notable  facet  of  Fig.  7  is  the  higher  rate  of  growth  of 
Pj)/Dc  for  tungsten,  as  compared  with  the  rates  for  aluminum,  titanium, 
and  steel, 

4.3  PENETRATION  AND  VOLUME 

The  fact  that  the  depth  of  penetration  and  the  volume  of  the  crater 
vary  significantly  with  the  density  of  the  projectile  has  been  documented 
in  many  reports  (e.  g. ,  Ref.  6).  These  reports  generally  discuss  the 
effect  in  relation  to  spherical  projectiles.  These  same  considerations 
are  borne  out  for  low-fineness-ratio  disks  in  Figs.  9  and  10.  Figure  9 
is  a  least- squares  plot  of  Pq  as  a  function  of  i/d,  and  it  shows  an  in¬ 
crease  in  penetration  with:  (1)  an  increase  in  i/d,  and  (2)  an  increase 
in  projectile  density.  Figure  10  is  a  plot  of  crater  volume  as  a  function 
of  i/d,  and  again  the  fact  that  crater  volume  varies  significantly  with 
projectile  density  and  i/d  is  shown.  The  curves  for  aluminum  and 
titanium  have  shapes  which  would  be  expected,  but  the  curves  for  steel 
and  tungsten  show  double-valued  dependency  of  crater  volume  on 
projectile  i/d. 

The  effect  of  projectile  shape  on  penetration  is  shown  in  Fig.  11. 

The  data  for  Fig.  11  are  tabulated  in  Table  VII.  This  is  a  plot  of  the  ■ 
ratio  Pp)/Pg  (penetration  of  disk/penetration  of  sphere)  versus  i/d. 

The  Pg  values  were  calculated,  for  spheres  having  masses  equal  to  the 
corresponding  disks,  using  the  Charters  and  Summers'  relationship: 

(PPYp2)4 

Ps  =  0.5  (Pp/Pt) 

where  (Ref.  1) 

P p  =  Pi  =  2.73  gm/cc 
V  p  =  24,100  fps  =  7.35  km/sec 
St  =  0.3425  gm-kmVcc-sec* 
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It  is  shown  in  Ref.  1  that  the  above  relationship  is  accurate  to  the  order 
of  ±10  percent.  It  is  obvious  from  Fig.  11  that  within  the  scope  of  the 
present  data,  the  projectile  shape  is  not  an  important  variable  in  the 
determination  of  penetration.  Figure  11  suggests  that  the  penetration 
of  a  disk  will  generally  be  somewhat  less  than  that  of  a  sphere  of  equal 
mass  for  a  given  set  of  impact  conditions.  This  is  true  for  aluminum, 
titanium,  steel,  and,  to  some  degree,  for  tungsten.  The  curves  for  all 
materials  tested  (excluding  the  higher  i/d  values  for  tungsten)  fall  very 
nearly  equal,  which  would  tend  to  indicate  that  the  projectile  material 
is  not  a  critical  factor  in  the  "penetration  efficiency.  " 

4.4  CRATER  DIAMETER  GROWTH 

Figure  12  is  a  plot  of  crater  diameter  as  a  function  of  projectile 
i/d  for  the  various  materials  under  discussion.  Within  the  limitations 
of  these  data,  the  rate  of  growth  of  the  crater  diameter  is  a  linear 
function  of  the  projectile  i/d,  at  least  for  aluminum,  titanium,  and  steel. 
With  this  parameter,  as  with  most  of  the  parameters  discussed,  tung¬ 
sten  exhibits  behavior  similar  to  that  of  the  other  materials  until  the  i/d 
ratio  of  0.  3  is  exceeded,  and  then  it  deviates.  This  deviation  is  perhaps 
more  dramatically  presented  in  Fig.  13,  which  is  a  photograph  of  the 
damage  resulting  from  impacts  with  tungsten  disks.  Here  are  seen 
craters  found  at  extremes  of  the  double-valued  function  of  Fig.  12.  Re¬ 
sults  seen  in  Fig.  12,  except  for  the  higher  i/d  values  of  tungsten,  are 
in  general  agreement  with  those  of  Ref.  5. 

SECTION  V 
CONCLUSIONS 

From  the  work  herein  reported,  several  conclusions  would  seem 
apparent.  They  are: 

1.  If  the  durations  of  the  second  stage  of  impact  computed  on  the 
basis  of  Ref.  4  are  approximately  correct,  the  steady- state 
stage  of  hypervelocity  impact  of  disks  is  significant,  and  dura¬ 
tions  as  small  as  roughly  6  ^sec  may  be  important. 

2.  Projectile  density  (as  would  be  expected)  plays  an  important 
role  in  determining  the  final  crater  shape. 

3.  In  the  present  results,  crater  shape  (Pq/Dc)  is  a  function  of 
the  projectile  £ /d  for  tungsten,  steel,  and  titanium,  and  is 
greater  than  hemispherical  (0.  5)  in  targets  of  aluminum  when 
i/d  5  0.  1.  In  the  case  of  aluminum  disks  Prj/D,,  >0.5  for 
i/d  >0.5. 
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4.  Penetration  and  crater  volume  vary  significantly  with  projectile 
density. 

5.  The  penetration  of  a  disk  is  generally  no  greater  than  that  of  a 
sphere  of  equal  mass. 

6.  The  projectile  material  is  not  a  critical  factor  in  the  "pene¬ 
tration  effectiveness"  when  0.  3  <  Jt/d  <  0,  9. 

7.  Crater  diameter  is  a  linear  function  of  projectile  i/d  for 
projectiles  of  aluminum,  titanium,  and  mild  steel  impacting 
aluminum.  This  is  not  the  case  for  tungsten  projectiles. 
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Fig.  5  Flash  Radiogram  of  Projectile  and  Sabot 
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Fig.  6  Shadowgram  of  a  Disk 
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Fig.  9  Penetration  as  a  Function  of  Projectile  Fineness  Ratio 
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P$  -  Calculated  penetration  for  a  sphere  of  mass  equal  to  the  corresponding  disk. 
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Fig.  11  Normolized  Penetration  05  a  Function  of  Projectile  Fineness  Ratio 
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TABLE  1 

PHYSICAL  PROPERTIES  OF  PROJECTILE  AND  TARGET  MATERIALS 


Material 

Rockwell 

Hardness 

Density, 

gm/cc 

Aluminum 

1100-0 

Rh  42* 

2.70* 

Titanium 

— 

4.50* 

Mild  Steel 

— 

7.9** 

Kennertium 
(97. 6-percent 
Tungsten) 

— 

17.9** 

Value  measured  using  standard  laboratory- 
techniques 

** Manufacturer  specifications 
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Shot  No. 


Velocity,  I  Volume 


Diameter, 

in. 


Depth, 

in. 


1 - - -  - 

168 

■ 

.  3 

16,  200 

0.  0732 

0.  65 

■ 

316 

169 

0 

3 

16,  000 

0.  058 

0.  629 

0 

.258 

24,900 

0.  186 

26,  000 

0.268 

26,  200 

0.  247 

25,  500 

21,900 

0.244 

22,  300 

0.311 

22,  500 

0.303 

Aluminized  Screen  Velocity  Measurement 
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TABLE  III 

VELOCITY  AND  CRATER  DATA  FOR  0.2-IN.-DIAM  TITANIUM  PROJECTILES 


Shot  No. 

i/d 

Velocity, 

fps 

Crater  i 

Volume, 
in.  3 

Diameter, 

in. 

Depth, 

in. 

184 

0.  6 

23,  000 

0.  5572 

1. 1851 

0.  727 

185 

0.  7 

18,  400 

0. 4803 

1.  139 

0.  709 

186 

0.  8 

19, 400* 

0. 4333 

1.  073 

0.713 

187 

0.  9 

11,  300 

0.  3009 

0.  897 

0.621 

188 

1.  o 

17,  100 

1.  016 

0.  743 

194 

0.  8 

21,  600* 

0.412 

0.  9904 

0.  739 

233 

0.4 

22,400 

0.  305 

1.  010 

0.  573 

234 

0.4 

22,  900 

0.  302 

0.  966 

0.604 

235 

0.  5 

21,  800 

0.  364 

1.  055 

0.  624 

236 

0.  5 

20,  500 

0.  339 

1.  034 

0.  608 

237 

0.  6 

21,  000 

0.  453 

1.  144 

0.  687 

238 

0.  6 

Mm# 

0.  442 

1.  127 

0.  670 

240 

0.  7 

17,  900* 

0.  554 

1.  168 

0.  700 

242 

0.7 

20,  600** 

0.  566 

1.  192 

0.  740 

& 

Aluminized  Screen  Velocity  Measurement 
**Streak  Camera  Velocity  Measurement 
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TABLE  !V 

VELOCITY  AMD  CRATER  DATA  FOR  0.2-IN.-DIAM  MILD  STEEL  PROJECTILES 


Shot  No. 

je/d 

Velocity, 

fps 

Crater 

Volume, 
in.  J 

Diameter, 

in. 

Depth, 

in. 

170 

0.2 

16,  100 

- - - 

0.  1318 

0.  755 

0.444 

171 

0.2 

13,  800 

0.  1025 

0.  685 

0.429 

195 

0.  3 

0.  3698 

1.  008 

0.  654 

196 

0.4 

Bslv1  aw1 

0.4156 

1.  026 

0.  684 

200 

0.  6 

0. 1928 

0.  949 

0.  414 

201 

0.  3 

17, 300 

0.  2360 

0.  8504 

0.  571 

202 

0.  4 

0.  3970 

1.004 

0.  676 

203 

0.  5 

17,  100 

0.  4431 

1.  112 

0.  764 

204 

0.  6 

0.  6518 

1.  172 

0.  857 

207 

0.  8 

15,  900* 

0.4290 

0.  869 

0.  865 

208 

0.  2 

15,  200 

0.  130 

0.  681 

0.  472 

209 

0.  5 

19,  200 

0.  828 

210 

0.  7 

19,  000* 

■0.  304 

0.  815 

0.  641 

261 

0.7 

11,  300* 

0.  362 

0.  828 

0.934 

Aluminized  Screen  Velocity  Measurement 
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TABLE  V 

VELOCITY  AND  CRATER  DATA  FOR  0.24N.-DIAM  TUNGSTEN  PROJECTILES 


Shot  No. 

i/d 

Velocity, 

fps 

Crater 

Volume, 

in.3 

Diameter, 

in. 

Depth, 

in. 

243 

0.  1 

14,  700 

0.  184 

0.  772 

0.  599 

245 

0.2 

18,  300 

0.  522 

1.  056 

0.  843 

246 

0.  377 

0.  922 

0.  850 

247 

0.716 

' 

1.  129 

1. 050 

248 

0.3 

16,  600 

0.  7201 

1.  137 

1.  032 

249 

BHB1H 

0.472 

0.  620 

1.  275 

250 

0.4 

17,  300* 

0.406 

0.  635 

1.  595 

251 

0.  5 

16,  100* 

0.415 

0.  794 

1.  10 

252 

0.  5 

13,  600* 

0.476 

0.718 

1.539 

253 

0.  6 

16,  700* 

0.  406 

0.  631 

1.  788 

254 

0.  6 

15,  400* 

0.  457 

0.  736 

1.294 

286 

0.  1 

20, 800 

0.  325 

0.  9495 

0.  647 

287 

0.2 

20,  100 

0.  6402 

1.  108 

0.  869 

290 

0.  1 

15,  600 

0.  168 

0.  7925 

0.  599 

291 

0.2 

14,  000 

0.  312 

0.  9231 

0.  982 

294 

0.2 

19, 100 

0.  547 

1.  101 

0.  879 

Aluminized  Screen  Velocity  Measurement 
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TABLE  VI 
ENERGY  DATA 


*Alumijilzed  Screen  Velocity  Measurement 
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